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Marine heatwaves (MHWs), prolonged periods of abnormally high sea temperature, have greater devastating impacts on marine ecosystem services and socioeconomic systems than gradual long-term ocean warming. Despite growing evidence of increases in MHW frequency, duration, and intensity, their interseasonal variations remain unclear. Using satellite-derived daily sea surface temperature (SST) data from 1982 to 2022, this work reveals a strong seasonality in MHWs. Typically, the highest cumulative intensity, characterizing total impacts on ecosystems, occurs during the local warm seasons in most oceans, leading to a significant interseasonal difference between warm and cold seasons. The interseasonal difference is predominantly driven by air-sea heat flux, rather than oceanic horizontal advection and vertical process. An increase in these interseasonal differences is observed in mid and high latitudes, with a significant increase in the warm season and a weaker trend in the cold season. In the Equatorial Pacific and Western Equatorial Indian Ocean, intense MHWs are primarily exacerbated by the El Niño-Southern Oscillation (ENSO), which also determines interseasonal variations in MHWs. Understanding the seasonality of MHWs can help better formulate corresponding policies to reduce economic and ecological losses caused by these events and can improve the accuracy of future predictions.
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1 Introduction

Marine heatwaves (MHWs) are prolonged periods of extremely high sea surface temperature (SST) lasting several days to months or even longer (Hobday et al., 2016a; Oliver et al., 2021). These events have severe impacts on the world’s oceans, including causing coral bleaching, altering the behavior and distribution of marine species, and disrupting marine ecosystems (Frolicher and Laufkotter, 2018; Hughes et al., 2018; Smale et al., 2019). Furthermore, MHWs intensify the negative impacts of climate change, impairing the resilience and adaptive capacity of marine species (Cheung and Frolicher, 2020). The economic impacts of MHWs have been severe, with accumulated losses exceeding $38.2 billion since 2011 (Smith et al., 2021). These losses are largely due to the degradation of vital ecosystem services, impacting sectors like fisheries, coastal protection, and marine tourism (Ferriss et al., 2017; Curnock et al., 2019; Rogers-Bennett and Catton, 2019).

The life cycle of marine organisms is particularly vulnerable to MHWs, with different seasons presenting distinct challenges (Atkinson et al., 2020). For example, summer MHWs are more likely to exceed the thermal survival limits, leading to widespread attention to significant ecological disruptions (McRae et al., 2022). This phenomenon can result in substantial mortality events and ecological shifts, as evidenced in several recent studies (Cavole et al., 2016; Garrabou et al., 2022). In autumn, MHWs can disrupt these migration patterns of species moving to temperate oceans (Smith et al., 2023). This disruption often triggers earlier migrations, affecting species’ behavior and potentially leading to genetic adaptions and declines in affected species (Smith et al., 2023). In winter and spring, MHWs can critically affect the survival rate of early-stage fish (Ling et al., 2009). These changes are particularly concerning as they can have long-lasting effects on fish populations, putting future generations at risk (Pershing et al., 2015).

Despite their significance, most seasonal analyses have focused on coastal regions (Yao and Wang, 2021; Thoral et al., 2022), highlighting the need to examine the seasonal characteristics of MHWs in the open ocean. Discussions about the global MHWs have mainly focused on interannual mean state and trends (Oliver et al., 2018; von Kietzell et al., 2022; Yao et al., 2022), with observations revealing a consistent rise in both the duration and frequency of MHWs over the years (Oliver et al., 2018). Since 1970, MHW occurrences have increased rapidly, reaching a fourfold increase by 2010 (von Kietzell et al., 2022). The entire globe is projected to approach a permanent MHW state by 2100 under the RCP8.5 scenario (Darmaraki et al., 2019; Yao et al., 2022; Kumar et al., 2024). While decadal increasing MHWs are driven by long-term SST increases rather than SST variability (Xu et al., 2022), the relationship between seasonal changes of MHWs and SST variability remains unclear. Addressing this gap in research on the seasonal behavior of MHWs is crucial for improving seasonal predictive capabilities and developing strategies to mitigate the ecological and economic impacts of these warming events (Hobday et al., 2016b; Spillman et al., 2021; Jacox et al., 2022; Koul et al., 2023).

MHWs can be caused by multiple factors, including human-induced climate change, natural climate variability, and local physical processes (Holbrook et al., 2019; Holbrook, 2020; Sen Gupta et al., 2020). Local physical processes involve air-sea heat interactions, advection of ocean currents, and water mixing in both horizontal and vertical directions (Wang and McPhaden, 1999). Natural climate variability, notably the El Niño-Southern Oscillation (ENSO), affects regional MHWs by regulating global SST, atmospheric heating, and changing current transport (Santoso et al., 2017; Lin et al., 2023). The years with the most frequent extreme MHWs coincide with El Niño events, especially in the Equatorial Pacific Ocean and Indian Ocean (Oliver et al., 2018; Holbrook et al., 2019). However, the annual assessment of the effects of ENSO on MHWs tends to ignore the relationships between ENSO and MHWs across different seasons, leading to an incomplete understanding of the specific impacts of ENSO on these extreme events.

Our study aims to assess the seasonal patterns, emerging trends, and underlying mechanisms of global MHWs. The urgency of our study is underscored by the fact that recent MHWs have exhibited record-breaking durations and intensities in various regions under climate change (Benthuysen et al., 2018; Frolicher et al., 2018; Piatt et al., 2020; Kajtar et al., 2022; Simon et al., 2022; Tan et al., 2022). With the ocean temperature warming rate increasing 4.5 times the long-term mean in the past decade (Garcia-Soto et al., 2021), accurately detecting MHWs becomes challenging. The selection of a baseline (i.e., moving or fixed) for MHW detection is debatable under these warming conditions (Chiswell, 2022; Rosselló et al., 2023). Both moving and fixed baselines have merits, and the choice depends on the application of the specific study (Jacox, 2019). The detection method using a fixed baseline is more susceptible to the impacts on specific marine organisms such as corals, whereas the moving baseline assumes the species have a certain adaption ability to the long-term warming and is more relevant for identifying the specific physical drivers (Oliver et al., 2021). To accurately detect MHWs and avoid overestimation from general warming (Amaya et al., 2023), we use detrended SST data. We also use seasonally varying thresholds to highlight the distinct characteristics of MHWs across different seasons. We further explore the seasonality of MHWs across different ocean regions, their dominant physical processes, and the effect of ENSO on the seasonality of MHWs in equatorial regions.




2 Materials and methods



2.1 Data

We used daily SST data at a resolution of 0.25° × 0.25° from 1982 to 2022, sourced from the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation SST version 2.1 (OISST v2.1) dataset (Schlax et al., 2007; Banzon et al., 2016; Huang et al., 2021a). The high spatial resolution and continuous temporal coverage of the data ensure accurate identification of the MHWs at both global and regional scales. For regional analysis, we examined 22 typical case-study regions known for extreme MHWs (Holbrook et al., 2019) (Figure 1A). These regions are categorized into four types, including mid and high latitude regions, tropical latitude regions, eastern boundary current regions, and western boundary current regions. Mid and high latitude regions include the Mediterranean Sea (MED), Bering Sea (BS), Northwest Atlantic Ocean (NWatl), Northeast Pacific Ocean (NEpac), and South-Central Pacific Ocean (SCpac). Tropical latitude regions include the Great Barrier Reef (GBR), Seychelles Islands (SEY), Galapagos Islands (GAL), Bay of Bengal (Bob), and Caribbean Sea (Carib). Eastern boundary current regions include California Current (Cal), Canary Current (Can), Humboldt Current (Hum), Benguela Current (Ben), and Leeuwin Current (LEEU). Western boundary current regions include Kuroshio-Oyashio (KC), Brazil-Malvinas Confluence (BRZ), Gulf Stream (GS), East Australian Current (EAC), EAC Extension (EACx), Agulhas Current (AGH), and Agulhas Retroflection (AGRET).




Figure 1 | Seasonality of regional MHW cumulative intensity and primary physical processes related to interseasonal difference. Panel (A) shows the interseasonal difference (warm seasons minus cold seasons) in MHW cumulative intensity for 22 typical regions with strong MHWs (Holbrook et al., 2019). Panel (B) shows the result of the composite analysis, which illustrates the correlation between the interseasonal difference in three main physical processes from the heat budget equation and the interseasonal difference in MHW cumulative intensity. Each point indicates an annual interseasonal difference per region. Black dots represent air-sea heat flux anomalies, blue diamonds represent horizontal advection anomalies, and red triangles vertical process anomalies including mainly vertical entrainment and mixing. The Theil-Sen slope (Sl, unit: °C per °C days) and its p-value from the Mann-Kendall test represent the relative correlation among the three processes and corresponding significance. Panel (C) displays the multi-year average of monthly MHW cumulative intensity in the studied regions from 1982 to 2022. The interseasonal difference between warm and cold seasons in MHWs is heightened, particularly in the BS, NEpac, and EACx. Air-sea heat flux is identified as the dominant factor driving the peak of MHWs in the warm season and influencing interseasonal differences.



All daily data required for the heat budget analysis in Section 2.4, including sea surface temperature (SST), net air-sea heat flux, horizontal current velocity, and mixed layer depth used in heat budget analysis are obtained from the Estimating the Circulation and Climate of the Ocean (ECCO) dataset (Forget et al., 2015; ECCO Consortium, 2021; 2024). The ECCO dataset defines the mixed layer depth as the depth at which the temperature difference reaches 0.8°C relative to a 10 m reference depth (Kara et al., 2003). This dataset covers the period from 1992 to 2017.




2.2 MHW definition and characteristics

In this study, we initially subtracted the linear trend of SST to remove the effect of overall warming on MHW detection. We found that the choice of detrending method does not significantly affect the result (Supplementary Figure S1). An MHW at each grid is defined by the detrended SST exceeding the seasonally varying 90th percentile threshold for at least 5 consecutive days (Supplementary Figure S1) (Hobday et al., 2016a). We calculated thresholds using an 11-day window centered on each calendar day across all years to obtain a unique threshold for each day. The seasonally varying threshold allows the identification of anomalously warm events throughout the year, rather than only during the warmest months. The choice of an 11-day window is to ensure a sufficient sample size for percentile estimation. Similarly, climatology is calculated using a multi-year average rather than the 90th percentile. The climatological and threshold baseline period is 30 years from 1982 to 2011. Although the baseline period can affect the magnitude of MHWs, it does not their spatial distribution (Dinesh et al., 2023). By removing the long-term warming, the choice of the specific baseline year becomes less critical. Moreover, gaps of two days or fewer between subsequent events lasting five days or more are regarded as one continuous event.

Based on the detected MHW events, we have defined several characteristics. “MHW days” represents the total number of days MHW events occur per season, which combines the characteristics of MHW frequency and duration (Oliver et al., 2018). “MHW maximum intensity” refers to the highest SST anomaly relative to the climatological mean during a single MHW event, reflecting the most extreme temperature within each season. “MHW cumulative intensity” is the sum of daily SST anomalies in each season, serving as a standardized intensity measure for comparison between seasons. Since we focus on seasonal characteristics and related drivers, we have chosen cumulative intensity as the core standardized indicator in the regional and physical processes analysis across different seasons. We define a season as three months, with four seasons in total: December to February (DJF), March to May (MAM), June to August (JJA), and September to November (SON). We calculate the mean SST for each region in each season, with warm and cold seasons defined based on the maximum and minimum multi-year averaged SST from 1982 to 2022, respectively. The warm and cold seasons vary by region (Figure 1C). Specifically, the warm season is DJF in the Southern Hemisphere high latitudes (i.e., SCpac, GBR, EAC, EACx, AGH, and AGRET), MAM in tropical latitudes (i.e., SEY, GAL, and Bob) and Southern Hemisphere low latitudes (i.e., Hum, Ben, and LEEU), JJA in Northern Hemisphere high latitudes (i.e., MED, BS, NWatl, and NEpac), and SON in Northern Hemisphere low latitudes (i.e., Carib, Cal, and Can). The cold season is DJF (i.e., MED, NEpac, Bob, and Carib) and MAM (i.e., BS, NWatl, Cal, Can, and KC) in Northern Hemisphere, and JJA (i.e., GBR, SEY, Ben, BRZ, EAC, AGH, and AGRET) and SON (i.e., SCpac, GAL, Hum, and LEEU) in Southern hemisphere and tropical latitudes. For 22 typical regions, we compute the cumulative intensity at each grid point for each season, then calculate the area-weighted grid average of these values to determine the regional cumulative intensity.

We modified the MATLAB toolbox (Zhao and Marin, 2019) for MHW detection and matrix calculation. We excluded partial polar regions from the analysis, because the presence of ice cover results in a low SST standard deviation (Huang et al., 2021b), typically less than 0.5°C, making it challenging to accurately identify MHWs in these regions.




2.3 Trend calculation

We examined the temporal trend at each grid and compared their patterns across different regions. The trend was estimated based on the Theil-Sen slope estimator and its statistical significance was tested using the Mann-Kendall test (Sen, 1968; Hussain and Mahmud, 2019). The Theil–Sen trend estimation method is insensitive to outliers and suitable for discontinuous MHW metrics. The Theil-Sen trend and Mann-Kendall test are also used in the following heat budget composite analysis.




2.4 Heat budget equation

The heat budget equation for the mixed layer is a useful tool for attributing changes in MHWs to various physical processes (Stevenson and Niiler, 1983). The mixed layer temperature tendency over a time-varying layer can be mainly controlled by three major processes including horizontal advection, air-sea heat flux, and vertical processes as shown below:

	

The horizontal advection term, representing the transport of heat by ocean currents is a function of the horizontal velocity fields, calculated by  , where u is the horizontal current and   is the gradient of SST in the horizontal direction. The air-sea heat flux term is calculated by  , where Q is the net surface heat flux composed of four different components including longwave radiation, shortwave radiation, latent heat flux, and sensible heat flux at the ocean surface, Qd is the shortwave radiation penetrating below the mixed layer, h represents the mixed layer depth, ρ is the water density for constant, and Cp is the heat capacity of seawater constant. The residual term is calculated by subtracting the air-sea heat flux and horizontal advection from the temperature tendency, mainly representing vertical entrainment and mixing. For each process, we calculate the anomaly based on the 1992-2017 climatology. Due to the availability of reliable current velocity data with high spatial and temporal resolution since 1992, the time span of our heat budget analysis is limited to the ECCO data coverage from 1992 to 2017. To match ECCO resolution, we re-grid MHWs into a 0.5-degree grid for the heat budget analysis.




2.5 ENSO index

To better understand the influence of ENSO on MHWs across different years, we conducted a comparative analysis among 14 El Niño years, 14 La Niña years, and 13 normal years. El Niño years are identified based on a 3-month moving average of the Niño3.4 index greater than 0.5°C for at least 5 successive months (Santoso et al., 2017). In contrast, La Niña years meet the same criteria, but with an index less than -0.5°C (Santoso et al., 2017). The El Niño years in our study include 1982, 1986, 1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2014, 2015, 2018, and 2019, while the La Niña years include 1983, 1984, 1985, 1988, 1995, 1998, 1999, 2007, 2010, 2011, 2017, 2020, 2021, and 2022. We consider the duration of El Niño and La Niña events often last across years. Therefore, we define the duration of each event from June of the starting year to May of the following year to capture the entire period. This approach is applied to both El Niño and La Niña, as well as to normal years. All calculations for the Niño3.4 index use SST data from the OISST dataset, which is the also dataset used for MHWs analysis.





3 Results



3.1 Seasonal characteristics and trends of global MHWs

Marine heatwaves (MHWs) demonstrate pronounced seasonality in days, maximum intensity, and cumulative intensity (Figure 2). Our analysis from 1982 to 2022 reveals that during June to August (JJA), most mid and high latitudes in the Northern Hemisphere typically experience the highest number of MHW days, with an average of more than 7 days per season (Figures 2B, C). Similarly, parts of the Northeast Pacific Ocean and Northwest Atlantic Ocean peak in MHW days from September to November (SON). Conversely, the Equatorial Eastern Pacific (EEP) and the mid and high latitudes of the Southern Hemisphere experience MHW days mainly in December to February (DJF), also averaging more than 7 days per season. The maximum intensity of MHWs usually peaks in the local summer across most regions, while the cumulative intensity peaks in the summer but extends to autumn in parts of the Northeast Pacific Ocean and Northwest Atlantic Ocean, similar to the pattern observed for MHW days (Figures 2E–I). During these local warm seasons, the global mean of MHW maximum intensity is 3.27°C, with a cumulative intensity of 11.82°C days per season. These values are approximately 1.49 and 1.65 times higher than those recorded in cold seasons, which are 2.20°C and 7.17°C days per season, respectively. In summary, global MHWs consistently exhibit their most severe and prolonged effects during the warm seasons.




Figure 2 | Characteristics of global MHWs in each season from 1982 to 2022. Panels show the seasonal distribution of MHW characteristics: total MHW days (A–D), maximum MHW intensity (E–H), MHW cumulative intensity (I–L), and trends in cumulative intensity using Sen’s slope (M–P), analyzed using the Theil-Sen slope. Red and blue colors in the trend panels (M–P) represent increasing and decreasing cumulative intensity, respectively. Seasons are presented from left to right as December-February (DJF), March-May (MAM), June-August (JJA), and September-November (SON). The results reveal a pronounced seasonality in MHWs, typically reaching their peak intensity during the local warm seasons in most regions. In addition, they also display large spatial heterogeneity, with areas experiencing high intensity showing a significant increasing trend.



In addition to seasonality, the global observation of MHW days and intensity also exhibit an uneven spatial distribution. Certain regions experience longer and high-intense MHWs, including the northeast and northwest Pacific, EEP, northwest and southwest Atlantic, Arctic subpolar regions, eastern Australia, and the Southern Ocean south of Africa (Figure 2). In these regions, the cumulative intensity during warm seasons exceeds 21.85°C days per season, which is more than double of that in other regions. While the spatial distribution of maximum and cumulative intensity of MHWs is consistent within each season, the spatial variations are larger during warm seasons due to the stronger intensity in these specific areas during warm seasons.

MHWs in large areas of the globe are associated with high SST variability, indicating that regions with the most intense MHWs generally correspond to regions with large SST fluctuations. The relationship is reflected in the Pearson correlation coefficient between seasonal mean cumulative intensity and SST variability, which is significant (p<0.001) in JJA (0.76), DJF (0.70), SON (0.66), and March to May (MAM, 0.59) (Supplementary Figure S2). This implies that regions with high SST variability are more likely to experience large-intensity MHWs in all seasons, as larger SST variances lead to more extreme conditions (Supplementary Figure S2).

Globally, MHWs are exhibiting an increasing trend across all seasons, with areas already experiencing stronger MHWs demonstrating an even more pronounced trend. From 1982 to 2022, the global MHW cumulative intensity increased significantly, peaking in JJA with an increase rate of 1.35°C days per season per decade (p<0.01). The increasing cumulative intensity trend holds even after accounting for long-term warming (Supplementary Figure S3). In all seasons, more than half of the world’s oceans show increasing MHW cumulative intensity, with the largest increase ratio in JJA at 58.9%, and 11.1% of these areas showed a statistically significant increase (p<0.05) (Figure 2N). The most significant increases predominantly occurred in regions with high-intensity MHWs, with an increase of more than 3.47°C days per decade during the last 40 years. Despite the overall positive global trend of MHWs, MHWs in EEP show a notable declining trend in contrast to the central equatorial Pacific across all seasons. Especially in DJF, the spatial pattern resembles that of El Niño events. This observation aligns with the studies showing a faster growth of central El Niño events while the EEP suffers more La Niña periods (Shin et al., 2022).




3.2 Seasonality and interseasonal difference in MHWs by region

Large interseasonal differences in MHWs between warm and cold seasons are observed in mid and high latitude and boundary current regions, while tropical latitudes exhibit a small difference except Galapagos Islands (GAL) and Bay of Bengal (Bob) (Figure 1). High latitude regions, such as the Mediterranean Sea (MED), Bering Sea (BS), Northwest Atlantic Ocean (NWatl), Northeast Pacific Ocean (NEpac), and South-Central Pacific Ocean (SCpac), exhibit MHW cumulative intensity that is greater than 3°C days per season higher in the warm season compared to the cold season. Similarly, in the eastern and western boundary current areas, the interseasonal difference increases with latitude. Particularly, for the California Current (Cal), Humboldt Current (Hum), Leeuwin Current (LEEU), Kuroshio-Oyashio (KC), and EAC Extension (EACx), the interseasonal difference also surpasses 3°C days per season. Conversely, tropical latitudes show minimal interseasonal differences. Notably, the difference in the GAL and Bob is larger compared to other tropical regions such as the Great Barrier Reef (GBR), Seychelles Islands (SEY), and Caribbean Sea (Carib), likely due to the stronger influence of El Niño-Southern Oscillation (ENSO) in GAL and Bob, as discussed further in Section 3.3 (Holbrook et al., 2019; Lin et al., 2023).

The interseasonal difference in MHWs is primarily driven by substantial air-sea heat flux anomalies, according to our composite analysis (Figure 1B). A robust positive correlation is observed between the interseasonal difference in air-sea heat flux anomalies and MHWs (p<0.001) (Figure 1B). Consequently, regions with a large interseasonal difference in air-sea heat flux anomaly demonstrates a more pronounced interseasonal difference in MHWs. The correlations between horizontal advection and vertical process are not statistically significant. While previous research has suggested that ocean advection is the primary driver for the development and decline of MHWs in the eastern and western boundary current areas, as well as for the formation of the deepest MHWs (Zhang et al., 2021, 2023; Bian et al., 2024), our research shows that air-sea heat flux dominates its interseasonal difference. We found that interseasonal difference in MHWs shows little correlation with ocean advection and vertical processes (Figure 1B).

Over the past four decades, the interseasonal difference of MHWs has increased in most regions (Figure 3A). The trend of MHW cumulative intensity in the warm season is significantly increasing, while the trend of MHW cumulative intensity in the cold season is weak in most regions. This combination of a strong increasing trend in the warm season and a weak trend in the cold season leads to an increasing interseasonal difference in MHWs. In the BS, NWatl, NEpac, and EACx, the significant increase in MHW cumulative intensity in the warm season plays a more crucial role in the trend in interseasonal difference (Figure 3A). In the Brazil-Malvinas Confluence (BRZ) and Agulhas Retroflection (AGRET), MHWs have intensified in both warm and cold seasons, while the interseasonal difference remains relatively unchanged.




Figure 3 | Trend in the interseasonal difference of MHW cumulative intensity. Panel (A) presents the linear trend of interseasonal difference in MHW cumulative intensity (grey bars) and MHW trend in warm seasons (red bars) and cold seasons (blue bars), respectively. The asterisk (*) indicates the trend is significant at a 95% confidence level. Panels (B–D) show the correlation between the trend of MHWs and the trend of SST variance in the interseasonal difference, warm season, and cold season, respectively. The results reveal the enhanced interseasonal difference in MHWs is strongly correlated with the increasing trend in SST variance, particularly in warm seasons.



Furthermore, the increasing interseasonal difference in MHWs is strongly correlated with the increasing interseasonal difference in SST variance. The trend of interseasonal difference in MHWs shows a positive correlation with the trend of interseasonal SST variance (r=0.398, p=0.066) (Figures 3B–D). Specifically, the significantly positive relationship is strong in both warm (r=0.445, p<0.05) and cold seasons (r=0.523, p<0.05), respectively. This suggests that the pronounced interseasonal difference in MHWs, particularly in areas such as EACx, NEPac, and NWatl, is significantly influenced by the substantial increase in SST variance.




3.3 The effect of ENSO on MHWs

When comparing MHWs after removing the linear Niño3.4 index with those not removed, it is evident that ENSO significantly exacerbates the MHW cumulative intensity in the tropical regions (Figure 4). Specifically, after removing the Niño3.4 index, MHW cumulative intensity in the Eastern Equatorial Pacific (EEP) decreases to 6.14°C days per season, a significant 53% reduction compared to the 12.96°C days before the removal of the Niño3.4 index. During El Niño years, the impact of ENSO becomes even more pronounced on MHWs in the EEP (Figure 4A). These El Niño periods are characterized by weakened trade winds, leading to a shallower mixed layer and reduced cold oceanic upwelling, which can amplify sea surface warming (Newman et al., 2018). During La Niña period, ENSO has no significant impact on MHWs in the EEP (Figure 4B). Meanwhile, ENSO has almost no persistent impact that lasts into normal years (Figure 4C). In the Western Equatorial Indian Ocean, we observe an average decrease of 0.42°C days per season of MHW cumulative intensity after removing the Niño3.4 index, which further decreased by 2.80°C days during El Niño years. Conversely, during La Niña years, the effects of inhibiting MHWs in the Indian Ocean are relatively small and not statistically significant (Figure 4B).




Figure 4 | The effects of ENSO on MHWs. The monthly mean cumulative intensity (°C days) of MHWs is calculated by detrended SST, subtracting MHWs calculated from SSTs that are processed by both detrending and removing linear Niño3.4 index. Panels (A–C) show a synthetic average of different typical years: (A) El Niño years, (B) La Niña years, and (C) normal years, as detailed in the methods. Black dots indicate a statistically significant effect of ENSO on MHWs, as determined by a t-test with p-values less than 0.05. Panels (D–H) show the effects of ENSO in different seasons in equatorial regions: Galápagos (GAL), Bay of Bengal (Bob), Caribbean Sea (Carib), Great Barrier Reef (GBR), and ﻿Seychelles (SEY). Yellow bars indicate a positive effect of ENSO on MHWs, while purple bars mean inhibition. ENSO significantly exacerbates MHW cumulative intensity in the equatorial regions, especially during winter in El Niño years, serving as the primary driver for the strong MHWs from December to February.



The effects of ENSO are most pronounced from December to February, with notable interseasonal variations observed in the GAL, Bob, Carib, GBR, and SEY (Figures 4D–H and Supplementary Figure S4). In the GAL, ENSO is the dominant factor accounting for the interseasonal influence in MHWs since the interseasonal influence of ENSO is consistent with the seasonal cycle of MHWs (Figure 4D). Furthermore, in the Indian Ocean (i.e., SEY and Bob), two peaks of MHW in DJF and MAM are likely related to ENSO (Figures 4E, H). One peak is influenced by the contemporaneous impact of ENSO, while the other is affected by the Indian Ocean Dipole lagging behind ENSO. The consistent results from regional studies (i.e., Western equatorial Indian Ocean and North Indian Ocean) confirm that the interseasonal variations in MHWs in the Indian Ocean are influenced by ENSO (Xie et al., 2016; Qi et al., 2022).





4 Discussions and conclusions

Our study enhances the understanding of the seasonal characteristics of marine heatwaves (MHWs) in different regions and the dominant physical processes involved. We found that air-sea heat flux is a key factor explaining the peak cumulative intensity of MHWs in warm seasons for most regions. The cumulative intensity reflects the most ecological impacts, combining both MHW duration and intensity. At the same cumulative intensity, more frequent but milder MHW days may have different impacts compared to fewer but more intense MHW days, depending on the affected species and communities. Furthermore, the increasing interseasonal difference of MHWs, mainly dominated by the increasing trend in warm season MHWs, is strongly correlated with the increasing interseasonal SST variance. Strong SST variations may be attributed to anomalous advection caused by the fast, narrow, and unstable boundary current, as seen in western boundary currents. These currents are marked by enhanced horizontal heat advection and high eddy kinetic energy (Ma et al., 2016; Elzahaby et al., 2021). In the equatorial regions, ENSO exacerbates MHWs in the Eastern Equatorial Pacific, especially during El Niño winters, and drives two peak MHWs in winter and subsequent spring in the Western Equatorial Indian Ocean. Since we synthesize different typical years to distinguish the effects of different phases of ENSO in various seasons on MHWs, specific processes associated with individual events are omitted. We propose further studies focus on the continuous tracking of the effects of a single large El Niño or La Niña event on MHWs. Simultaneously, whether El Niño events should be included in MHWs is also a controversial issue. It is necessary to refine a reasonable definition of MHWs based on the relationship between ENSO and MHWs as we discussed above.

In our methodology for detecting MHWs, we account for a long-term warming trend to ensure that our identification of MHWs is not influenced by the overall increase in global average SST. Compared to using raw time series to directly identify MHWs, our results for characteristics including MHW days, maximum intensity, and cumulative intensity are more conservative than using raw SST (37%, 26%, and 52% less) (Supplementary Figure S5). The strong correlation between MHW cumulative intensity and SST variability supports our detrend MHWs detection method, which effectively removes the long-term warming while retaining the changes in SST variability. Although the long-term warming is subtracted, the increasing rate remains significant in most oceans, and the high-intensity regions remain extreme. This conservative MHW detection helps rationally assess the impact of MHW on ecosystems and highlights the extreme regions, emphasizing the urgent need for more attention. Moreover, we recognize the reasonability of using a fixed baseline for studies focusing on the slow adaption and immobile species, such as corals (Smith et al., 2023).

We recognize the complexity of attributing MHWs to specific physical processes due to the limitations of our approach, which does not differentiate between short-term and long-term MHWs. Some studies adopt non-uniform identification methods such as high-pass filtering to obtain the time range of the physical processes corresponding to the wind (Cooley et al., 2022). The detection method depends on the physical processes they are concerned about. Our method aims for universality in analyzing global MHWs across different oceans. However, there needs to be a clear distinction between high- and low-frequency MHWs, which will support comprehensive studies on global physical processes.

In conclusion, our detecting approach provides valuable insights into the seasonal characteristics of MHWs. These insights not only provide a more conservative MHW estimation but also pave the way for better-informed policies and a more thorough understanding of MHWs’ economic and ecological impacts. This work contributes to making accurate future models and the development of reasonable environmental protection policies.
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